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Glomerular charge and urinary protein excretion: Effects of systemic
and intrarenal polycation infusion in the rat. To study the role of the
fixed anionic sites of the glomerular capillary wall in protein filtration,
the negative charges were neutralized in vivo. With systemic infusion of
the polycation protamine sulfate, glomerular staining for polyanion was
reduced and protein excretion increased by 154%. To avoid systemic
side effects in subsequent studies, small doses of a polycation were
infused directly into one renal artery. The contralateral kidney was
infused with the vehicle solution. Albumin excretion from the experi-
mental kidneys in the first 1-hr collection after infusing 0.5 mg prot-
amine sulfate was 24.3 6.3 p.g/min/kidney; the simultaneous value
from the control kidneys was 4.5 0.7 g/minIkidney (N = 13; P <
0.01). Albuminuria declined during the subsequent 3 hr with a second
infusion inducing a second proteinuric response. The degree and
longevity of the albuminuric response was correlated directly to the
dose of protamine sulfate. The polycations hexadimethrine and poly-l-
lysine also induced proteinuria. The increased protein excretion con-
sisted of albumin; the excretion of nonalbumin protein was identical in
the experimental and control kidneys. Hemodynamic factors did not
explain the increase in proteinuria. Morphologically, the polycation-
treated kidneys showed scanty foot process fusion and a decrease in
free negative sites in the lamina rarae of the glomerular basement
membrane. The results strongly support an important role for glomeru-
lar charge in preventing filtration of circulating plasma albumin.
Charge glomerulaire et excretion protéique urinaire: Effets de Ia
perfusion systémique et intrarénale de polycations chez le rat. Afin
d'étudier le role des sites anioniques fixes de Ia paroi capillaire
glomérulaire sur Ia filtration des protéines, les charges negatives ont été
neutralisées in vivo. Lors de Ia perfusion systemiquc de sulfate de
protamine, un polycation, Ia coloration des polyanions glomerulaires
était réduite et l'excrétion des protéines augmentee de 154%. Afin
d'éviter leurs effets secondaires systémiques dans les etudes ultér-
ieures, de petites quantités de polycations étaient directement perfusees
dans une artère rénale. Le rein controlatéral était perfuse avec Ic
véhicule. L'excrétion d'albumine par les reins expérimentaux lors de Ia
premiere collection d'une heure après perfusion de 0,5 mg de sulfate de
protamine était de 24,3 6,3 p.g/min/rein; dans le méme temps la valeur
pour les reins contrOles était de 4,5 0,7 p.g/min/rein (N = 13; P <
0,01). L'albuminurie diminuait pendant les 3 heures suivantes avec une
deuxième perfusion induisant une seconde réponse protéinurique. Le
degre et Ia durée de Ia réponse albuminurique était directement corrélée
ala dose de sulfate de protamine. L'hexadiméthrine et Ia poly-1-lysine,
des polycations, ont egalement induit une protéinurie. L'augmentation
de l'excrétion protCique était Ic fait de l'albumine; l'excretion des
protéines autres que l'albumine était identique pour les reins experi-
mentaux et contrOles. Les facteurs hémodynamiques n'expliquaient pas
l'élévation de Ia protéinurie. Morphologiquement, les reins traités par
les polycations prCsentaient quelques fusions des pédicelles et une
diminution des sites negatifs libres des laminae rarae des membranes
basales glomerulaires. Ces rCsuftats sont trés en faveur d'un rOle
important de Ia charge glomerulaire pour empêcher Ia filtration de
l'albumine plasmatique circulante.
Glomerular sieving of macromolecules is believed to be due
to both diffusive and convective forces acting across the
filtering membrane which, for mathematical consideration, has
been pictured as a porous membrane. Recently, it has become
evident that a model based only on size-dependent restriction of
macromolecules is not sufficient to explain the behavior of
plasma proteins in health or in some proteinuric conditions. In
the healthy kidney of both man [1, 2] and experimental animals
[3], albumin is filtered at a rate considerably less than exoge-
nous inert neutral probe molecules of the same effective molec-
ular radius. In disease states, proteinuria is not always accom-
panied by increased permeability of the glomerulus to these
probe molecules [1, 2, 4, 5].
These observations have been explained by postulating that
electrostatic repulsion between negative charges within the
glomerular capillary wall and anionic macromolecules such as
albumin is responsible for the disproportionately low clearance
of the latter [61. The increased clearance of albumin in protein-
uric diseases has been suggested to result from loss of the
glomerular negative charges. The number of negatively charged
sites, visualized histologically by cationic markers, has, indeed,
been claimed to be reduced in both human minimal change
nephrotic syndrome (MCNS) [7] and in the experimental ne-
phrotic syndrome, aminonucleoside nephrosis (ANNS) in rat
[81. No direct evidence exists, however, to prove a causal
relationship between proteinuria and such morphologic
changes. Alterations in the staining for negative sites could be
the result of proteinuria rather than the cause, or it could be an
epiphenomenon of the disease process unrelated to proteinuria.
Moreover, some recent reports questioned the validity of
previous methods for demonstrating the presence of glomerular
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negative sites [9], and the apparent reduction of negative
charges in ANNS has been argued to be an artifact [101.
Normal kidneys treated with polycations in vitro have been
shown to exhibit ultrastructural changes bearing a resemblance
to those seen in proteinuric states [11, 12], but only one study
has previously linked polycation treatment directly to increased
protein excretion [13]. It did not, however, exclude the possibil-
ity of the toxic systemic effects or changes in renal hemodynam-
ics causing the proteinuria. The purpose of the present study is
to examine whether or not proteinuria can be produced by
selective neutralization of the glomerular charge without caus-
ing any other demonstrable renal injury.
Methods
All studies were performed on female Sprague-Dawley rats
weighing between 200 and 310 g.
Systemic polycation infusions, In the initial part of the study,
a polycation was infused systemically into 18 rats; the rates of
urinary protein excretion before and after the infusion were
compared. For these studies, one femoral artery and the
bladder of each rat were cannulated under light ether anesthe-
sia. The animals then were restrained in an upright position in a
plastic cylinder and allowed to recover from anesthesia. An
appropriate priming dose of inulin was given intravenously into
a tail vein and was followed by a maintenance infusion of inulin
in a solution containing 2.5 g!dl dextrose, 10 m sodium
chloride, and 8 mM potassium chloride given at a rate of 1.5 ml!
hr throughout the study. After I to 2 hr of equilibration, five or
six timed control urine collections, each of approximately 20
mm duration, were obtained. Protamine sulfate (Eli Lilly &
Co., Indianapolis, Indiana) was then infused in doses from 10 to
200 g!g of body weight into another tail vein over a 5-mm
period, followed by six additional timed urine collections.
In a separate series of 64 rats, kidneys were removed for
histologic study 20 to 30 mm after infusion of either protamine
sulfate (N = 32) or normal saline (N = 32). Sections of
formaldehyde-fixed pieces were stained separately with colloi-
dal iron and alcian blue [8] for visualization of the glomerular
polyanion. To exclude variations due to inadequate staining,
each staining batch included tissue from a normal rat kidney
known to have strongly positive stain. Three independent
observers evaluated each section without knowledge of wheth-
er it was from a control or an experimental animal; 20 glomeruli
per section were examined and assigned a score of 0 to 5 per
glomerulus (0 no staining, 5 = intense staining). The 60
scores from each kidney were averaged. Because the results
using colloidal iron were similar to those using alcian blue, the
two values were averaged to obtain a final score for each
kidney. Kidney pieces for electron microscopy were fixed in
3% glutaraldehyde and processed by standard methodology
[14].
Intrarenal polycation infusions. For intrarenal polycation
infusions 34 rats were anesthetized with ether and kept at a
constant body temperature of 38° C on a heated operating table.
An intravenous infusion of 1 ml!100 g of body weight of normal
saline was given to replace surgical losses. The thoracic aorta
was cannulated with a polyethylene catheter (PE 10) through
the left cervical trunk; the abdomen was opened through a
midline incision and both ureters were catheterized with poly-
ethylene catheters (PE 10). The aortic cannula was advanced
into one renal artery, and either the test or the control sub-
stance was infused through the cannula in a volume of 0.3 ml,
followed by a rinsing dose of 0.15 ml of normal saline. The
cannula was then pulled back into the aorta and advanced into
the opposite renal artery for a similar infusion. Each infusion
into the renal arteries was given over 20 see, with the total time
of interrupted circulation into the kidney being less than 1 mm.
One kidney of each animal was infused with a polycation
solution, the other with the vehicle, normal saline; the order
was varied randomly. The polycations used were protamine
sulfate, hexadimethrine (Sigma Chemical Co., St. Louis, Mis-
souri), and poly-1-lysine (Sigma Chemical Co.). After the
infusions into both renal arteries, the cannula was left in the
aorta for blood sampling. The abdomen was closed with the
ureteral catheters extending outside through the incision for
urine collections. The animal was allowed to awaken and was
kept in an upright position in a plastic cylindrical restrainer for
the duration of the urine collections. Normal rectal temperature
was maintained using a heating pad around the cylinder.
Mild osmotic diuresis was maintained throughout the experi-
ment by infusing 5% mannitol in 38.5 mM sodium chloride
through the aortic cannula at a rate of 0.5 to 1.7 ml!hr, except
when momentarily interrupted for the intrarenal infusions and
blood drawing. Thirty to 45 mm before the beginning of the first
collection period, an appropriate priming dose of inulin and
sodium para-aminohippurate (PAH) was given into a tail vein,
followed by a constant infusion of inulin and PAH in a solution
containing 51 m sodium chloride and 43 m potassium
chloride given at a rate of 1.2 mI/hr. Urine from each ureter was
collected in 1-hr periods beginning 30 mm after the polycation
infusion. Blood for clearance determinations was drawn at the
midpoint of each collection period. At the end of each experi-
ment kidney slices were fixed in 10% formaldehyde, processed,
and stained with hematoxylin and eosin for routine light
microscopy.
For detailed histologic and ultrastructural evaluation during
the height of proteinuria, an additional 10 rats were given
intrarenal infusions as described above. Six were sacrificed 1 hr
later and their kidneys were removed for light microscopic
study. In the remaining four rats, each renal artery was cannu-
lated again, in turn, 60 to 90 mm after the polycation infusion,
and the kidneys were fixed and stained for polyanion by
perfusing with 10 ml of cacodylate buffer containing 3% glutar-
aldehyde and 0,2% ruthenium red at a rate of 2.5 mI/mm; the
perfusate was drained through the renal vein to avoid killing the
animal before both kidneys were fixed. Approximately 1 mm3
pieces of kidney cortex were postfixed in the same solution and
then processed for electron microscopy by routine
methodology.
Inulin levels were measured by the anthrone method [15],
PAH levels by the Bratton Marshall reaction as modified by
Smith et al [16], albumin concentrations by radial immunodiffu-
sion [171, and total protein concentrations by the l3io-Rad
method [18]. Hexadimethrine and poly-l-lysine were found not
to interfere with the Bio-Rad method. Only concentrations of
protamine sulfate in excess of those in the present study caused
a positive Bio-Rad reaction.
All results are presented as mean SEM, comparisons being
made either with the independent t or paired t test as
appropriate [191.
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Fig. 1. The effect of the intravenous infusion of protamine sulfate on
urine protein excretion in a representative animal. The animal was
allowed to equilibrate for 120 mm after surgical preparation. Five
control urine collection periods, each of 20 mm duration, were ob-
tained. Protein excretion averaged 15 tg/min. Protamine sulfate (30 Lg/
g body wt) was then injected intravenously over a 5-mm period. Urine
formed during this injection was discarded. Thereafter, a further six 20-
miii urine collections were obtained. Urine protein excretion increased
more than five-fold to 84 rg/min during the initial 20-mm collection
postinfusion. Values declined subsequently but remained more than
twice the control levels at the end of the study.
Results
Systemic polycation infusions
Protein excretion and renal function. The systemic infusion
of protamine sulfate in doses of 25 to 75 .i.g/g of body weight
consistently induced proteinuria in normal rats. A typical
experiment is depicted in Figure 1. In 18 animals studied in a
similar fashion, urinary protein excretion prior to protamine
sulfate infusion averaged 24.1 3.1 g/min. It increased
significantly to 61.2 17.0 .g/min in the subsequent 2 hr (P <
0.01). The correlation between degree of proteinuria and the
amount of protamine sulfate administered over this dose range
failed to reach statistical significance. Increased albuminuria
was primarily responsible for the increased urine protein excre-
tion. In eight of the 18 animals both urinary albumin and total
urinary protein were measured. Albumin excretion in these
animals increased from 7.9 1.8 to 42.5 7.9 J.g!min (P <
0.001). The infusion of protamine sulfate was accompanied by a
decrease in inulin clearance (GFR) from 2.24 0.26 to 1.48
0.27 ml/min (P < 0.05) and by a small but significant decrease in
plasma protein concentration from 6.6 0.2 to 5.7 0.4 g/dl (P
<0.05).
Attempts to determine whether or not higher doses induced
greater proteinuria were unsuccessful. Most animals were un-
able to tolerate doses of 100 to 200 p.g/g body weight, and death
almost invariably resulted when doses in excess of 200 pg/g
body weight were infused. Doses of 10 .g/g body weight did not
induce a significant increase in protein excretion.
Fig. 2. The effect of intravenous infusion of various doses of protamine
sulfate on glomerular polyanion score. The number of kidneys studied
in each group is indicated in the bar. The asterisks show values which
are significantly different (P < 0.05) from the 32 control animals infused
with saline alone.
Renal histology. Low doses of protamine sulfate (10 p.g/g
body weight) did not decrease staining for glomerular polyanion
(Fig. 2). In contrast, the intermediate doses (25 to 75 J.g/g body
weight) which induced proteinuria reduced the degree of stain-
ing significantly; higher doses decreased staining even further.
As predicted from previous observations [11, 12], electron
microscopy demonstrated that the higher doses of protamine
sulfate resulted in patchy fusion of glomerular epithelial foot
processes. Animals receiving infusions of protamine sulfate in
intermediate and high doses also had increased numbers of red
cells in the glomerular capillaries and swelling of the epithelial
cells. There was no demonstrable effect of protamine sulfate, in
any dose, on the morphologic appearance of the glomerular
basement membrane. No other pathologic abnormalities were
documented.
Intrarenal polycation infusions
Protein excretion and renal function. Albumin excretion and
renal function for the two kidneys of a normal rat after infusing
1 mg protamine sulfate into one renal artery and the vehicle
solution into the contralateral renal artery are shown in Figure
3. The first 1-hr collection period, which began 30 mm following
the renal artery perfusion, showed a 40-fold increase in albumin
excretion from the polycation-perfused kidney. During the
subsequent 5 hr, albumin excretion from the control kidney
remained constant; excretion from the experimental kidney
progressively declined but remained above the control value
throughout the period of study. Values for GFR and for the
clearance of PAH (RPF) were lower in the experimental than in
the control kidney. These values were reduced in proportion so
that filtration fractions for the two kidneys were similar.
In the 13 experiments in which the intrarenal protamine
sulfate dose was 0.5 mg, urinary albumin excretion from the
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Fig. 3. A representative study demonstrating the effects on urinary
albumin excretion, glomerular filtration rate (GFR), and filtration
fraction (FF) of infusing / mg protamine sulfate into the renal artery of
one kidney (E). Saline was injected into the artery of the contralateral
control kidney (C). Each collection period lasted 60 mm.
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Table 1. Albumin excretion and renal functions for control and experimental kidneys during first 1-hr collection period starting 30 mm after
experimental kidneys were perfused with a polycation
Albumin excretion
Dose No. of
Polycation mg animals Kidney /.Lglmin/kidney igIml GFR 1sg/ml/RPF
PS 0.5 13 C 4.5±
E 24.3±
0.75 7 C 7.3 ÷
E 37.0±
1.0 14 C 4.8±
E 48.3±
HDM 0.5 to 0.75 7 C 4.0
F 6.2±
PLL 0.1 to 0.5 7 C 2.0 +
E 2l.0
0.7
1.8
6.5***
0.8
l3.0***
0.2
1.5*
0.5
6.2°
7.7 2.0
48.5 ÷ 12.4***
7.8 1.9
100.7 27.5***
5.5 + 1.1
148.8 29.7****
3.4 0.6
23.6 6.8°
3.2 0.6
49.8 15.4*
1.6 +
11.4 ÷
2.2
17.1
1.7
39.2
0.7
3.8 +
0.7
9.2
0.3
2.3c***
0.5
2.9***
0.4
10 .2* **
0.1
0.91**
0.2
3.0°
2.90 0.37
2.35
3.28 0.28
2.34 0.39**
2.93 0.25
1.32 +
2.70 0.42
1.64 0.2l'
3.08 + 0.17
2.69 0.30
FF
27.2 4.0
25.5 2.8°
30.6 2.2
18.9 1.4°°
30.7 2.0
27.3 3.1
19.9 2.0
16.2 2.2'
21.2 2.5
17.8 2.3
Abbreviations and symbols are: Asterisks compare values from experimental kidneys with those from the control organs: , P < 0.05, P <
0.02, °°, P < 0.01, °°°°. P < 0.001 (paired t test); PS, protamine sulfate; HDM, hexadimethrine; PLL, poly-1-lysine; C. control kidneys; E.
experimental kidneys.
° All results expressed as mean SEM.
b CPAH not available for two animals.
° Analysis based on 12 pairs of data.
Analysis based on 6 pairs of data.
5011 Control kidney
Experimental kidney
2 3 4
Collection period
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FF C 17.6 21.2 26.7 30.8 24.4 26.5 Fig. 4. Effects on hourly urinary albumin excretion qf infusing various% E 14.8 19.1 23.1 35.2 26.9 32.0 doses of protamine suifate into one renal artery. The contralateral(control) kidney in each rat was infused with saline. Values from the
experimental kidneys are compared to those from the contralateral
control kidneys, that is, °°°, P < 0.01; °, P < 0,05.
1 2 3 4
Hours after protamine sulfate infusion
experimental kidneys during the first hour of study averaged
more than five times that from the control kidneys (Table 1).
Values for GFR and RPF were consistently lower for the
experimental kidneys when compared to control so that factor-
ing protein excretion by either of these terms magnified the
differences in albumin excretion (Table 1). Values for filtration
fraction in the experimental and control kidneys were
comparable.
There was an obvious dose-response relationship between
the amount of protamine sulfate perfused and the subsequent
degree of albuminuria. Thus, the relationship between these
two parameters was linear during the first hour of study after
protamine sulfate infusion (Table 1). There tended to be greater
depression of both GFR and RPF in the experimental kidneys
infused with the higher doses of protamine sulfate. Again,
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Fig. 5. The effect on albuminuria of infusing protamine sulfate for a
second time into one renal artery of a normal rat. The contralateral
renal artery was infused with normal saline on each occasion. Urine
collection began 30 mm after the first infusion of protamine sulfate.
Each urine collection period thereafter lasted 60 mm. There was a 30-
mm interval between the end of collection period 3 and the beginning of
period 4, during which time the second dose of protarnine sulfate was
infused.
factoring albumin excretion by either GFR or RPF increased
the differences in albumin excretion between the experimental
and control kidneys.
Not only did higher doses of protamine sulfate increase the
initial degree of albuminuria, they also resulted in more pro-
tracted urinary loss of this protein. This is illustrated in Figure
4, which demonstrates that albumin excretion from the kidneys
perfused with 0.5 mg protamine sulfate had returned almost to
baseline by 4 hr while albuminuria persisted longer after higher
doses of protamine sulfate. Values from the control kidneys
remained constant throughout the 4 hr of study and were
comparable irrespective of the dose of protamine sulfate in-
fused into the contralateral kidney.
After the decline in albuminuria, a second infusion of prot-
amine sulfate into the same kidney induced a further increase in
albumin excretion. This is illustrated in Figure 5, which depicts
results from a representative animal in which protamine sulfate
was perfused into the same kidney on two occasions, 4 hr apart.
The unilateral, intra-arterial infusion of either hexadimethrine
or poly-l-lysine also induced albuminuria in the experimental
kidneys when values were compared to those from the contra-
lateral vehicle-perfused organs (Table 1). Changes in GFR and
RPF were similar to those seen after protamine sulfate infusion.
Subsequent hourly collections showed a progressive decline in
albuminuria as was observed in experiments with protamine
sulfate.
In 41 of the experiments urinary excretion of both albumin
and total protein was measured after infusion of one of the
polycations. Results are summarized in Figure 6. During the
first collection period following infusion of the polycation, total
urinary protein excretion from the control kidneys averaged 9.1
1.0 rg/min. Of this, albumin comprised 47.3% or 4.3 0.5
igImin; the remaining proteins accounted for 52.7% of total
protein or 4.8 0.9 ig/min. Corresponding values for the
experimental kidneys were: albuminuria of 33.4 5.3 sg/min
['11
Nonalbumin
protein
NS
(83.9% of total protein) and nonalbumin protein excretion of 6.4
3.4 g/min (16.1% of total protein). The difference in albu-
minuria from the experimental and control kidneys (33.4 5.3
vs. 4.3 0.5 g/min) was highly significant (P < 0.001). In
contrast, the amount of nonalbumin protein excreted from the
experimental kidneys (6.4 3.4 tg!min) was not different from
that lost in the urine from the control kidneys (4.8 0.9 Lg/
mm). Similar results were seen irrespective of which polycation
was infused (Table 2).
Renal histology. The kidneys of all animals were removed at
the end of the experiments for routine light microscopy to
exclude the possibility of any gross architectural damage. Each
of the control and experimental kidneys in these animals as well
as those from the six animals sacrificed 1 hr after the perfusion
appeared entirely normal.
In the four rats in which the kidneys were perfusion-fixed at
the height of proteinuria, electron microscopy demonstrated
that the polycation-treated kidneys, but not the control kidneys,
showed patchy foot process fusion of the visceral epithelial
cells (Fig. 7). This was not very prominent. In addition, the
experimental kidneys showed evidence of increased epithelial
cell activity with microvillus formation and increased numbers
of cytoplasmic vesicles.
The polyanion stain (ruthenium red) demonstrated extensive
binding of particles to the surfaces of the epithelial cells and
irregular binding to the endothelial cells; there were no differ-
ences between the control and experimental kidneys in this
respect. In the saline-perfused kidneys, the lamina rara externa
of the glomerular basement membrane (GBM) showed binding
of ruthenium red in clusters at regular intervals (Fig. 7A). Some
kidneys also showed binding in the lamina rara interna. When
present, these binding sites were fewer in number and occurred
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Fig. 6. The infusion of a polycation into one renal artery of normal rats
(N = 41) resulted in a significant (P < 0.001) increase in albuminuria
but no sign(ulcant increase in urinary excretion of nonalbumin protein.
Values are from the first collection period following the intrarenal
infusions.
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Table 2. The type of proteinuria observed following infusion of a polycation
Proteinuria, gImin/kidnev
Kidney
E
C
E
C
E
C
Total
51.2 10.8 P < 0.00111.4÷ 1.3
8.5± 17P<0.05
4.0 0.4
23.0 6.1 <0.054.1 + 0.7
Albumin
42.4 7.0 < 0.001¶4 0.7
6.2 1.5 P <0,051.6 0.2
23.3 6.8 P < 0.052.3 0.5
Other
8.8±4.9
6.0 1.2 NS
2.3 0.4
2.3 0.3 NS
—0.2 + 1.2
1.8 0.3 NS
Abbreviations are found in Table 1.
at less regular intervals. The lamina densa did not show any
binding. Clusters of staining were demonstrable in the lamina
rarae of the experimental kidneys perfused with polycations
(Fig. 7B), but the number of such clusters decreased consistent-
ly when compared to that in the contralateral control kidney.
This difference permitted separation of control from experimen-
tal kidneys when electron micrographs from pairs of kidneys
were analy7ed in blind fashion.
Discussion
The aim of this study was to determine whether or not
selective neutralization of the fixed negative charges of the
glomerular filter resulted in albuminuria. Such a response
would be predicted if the theory that an electrostatic barrier
prevents filtration of charged molecules [20] is correct. In the
initial protocol we demonstrated that intravenous infusion of
protamine sulfate induced proteinuria in rats. This observation
is in agreement with the work of Hunsicker, Shearer, and
Shaffer [131 who used systemic infusions of another polycation,
hexadimethrine. Both protamine sulfate and hexadimethrine,
however, have several systemic effects when administered in
large dosage. Because the glomerular ultrafiltration coefficient
and glomerular flltration of macromolecules are known to be
affected by nonrenal factors including changes in hemodynam-
ics [211, plasma oncotic pressure [21], hormones such as
angioten sin II [22], parathyroid hormone [231, and arginine
vasopressin [24], as well as by infusion of dihutyryl cyclic AMP
[241, it is conceivable that the proteinuria observed following
systemic infusion of polycations could have resulted from
systemic changes rather than from neutralization of glomerular
polyanion.
The second protocol, utilizing infusion of polycations directly
into one renal artery, was designed to circumvent these prob-
lems. It permitted the comparison of the simultaneous excretion
of protein from a control and an experimental kidney in each
animal because the two kidneys were exposed to the same
mileu. Only a small dose of the test substance had to be infused
into the renal artery to achieve a high, momentary concentra-
tion in the experimental kidney. Although any portion of the
polycation that was not filtered or bound to the kidney was
allowed to return to the systemic circulation, the subsequent
dilution was believed to be sufficient to prevent systemic effects
such as pulmonary hemorrhage due to the anticoagulant action
of protamine sulfate. Indeed no influence on the general condi-
tion of the rats was noted following the intrarenal administra-
tion of protamine sulfate. In addition, the protein excretion
rates from the contralateral control kidneys were similar to
those found in normal female rats [25]. Thus, if there was any
circulating polycation, its concentration was insufficient to
induce proteinuria from the control kidneys. To further exclude
an effect of protamine sulfate, other than its polycationic
property, two other polycations, hexadimethrine and poly-l-
lysine were studied. All three polycations produced similar
responses.
In individual animals, the protein excretion from the polyca-
tion treated kidneys was increased two- to 40-fold over the
control kidneys during the first hour. This increased proteinuria
consisted of albumin and thus was of plasma origin. Because
the amount of protein in the urine exceeded the normal filtered
load of albumin in a rat [26, 27], there must have been enhanced
glomerular filtration of this protein. That the proteinuria was
the result of increased glomerular filtration instead of decreased
tubular reabsorption is further suggested by the absence of
morphologic tubular injury in the experimental kidneys.
For reasons which have not yet been defined, GFR and RPF
were lower in the experimental than in the control kidneys; FF
was slightly lower or the same as on the control side. Since
increased glomerular filtration of plasma proteins could theoret-
ically result from changes in the hemodynamic determinants of
diffusion and convection across the filtering membranes [21],
the role of the hemodynamic alterations in the genesis of the
proteinuria deserves detailed analysis.
The general flux equations of Kedem and Katchalsky have
been modified [28] for macromolecular filtration at any point
along an idealized glomerular capillary as follows:
— wRThC, + Jv (1 — cr) t
where i is solute flux; iv, volume flux; w, solute permeability
parameter; R, universal gas constant; T, absolute temperature;
C5, transcapillary solute concentration difference at any point
along idealized glomerular capillary; C, log mean solute con-
centration at any point along idealized glomerular capillary; o,
reflection coefficient. The term (wRTC5) describes the diffu-
sive component and the term [J (1 o-) C5] the convective
component for filtration of macromolecules.
To increase solute flux by diffusion one must have either an
increase in membrane permeability to the solute (c), or an
increase in the transmembrane concentration gradient (C5) or
both. The plasma protein concentration in the afferent arterioles
was the same for the experimental as for the contralateral
control kidneys. Thus, the only way to increase the gradient of
protein would be to increase filtration fraction. This would
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Fig. 7. Electron micrographs from the control,
saline-perfused kidney (A), and the contralat-
eral polycation-perfused kidney (B) from a
representative rat after staining by perfusion
with ruthenium red only. The polycation-treat-
ed kidney shows obvious changes in the epi-
thelial foot processes and reduced ruthenium
red binding in the lamina rarae (x43,000).
result in a higher plasma protein concentration further along the
capillary. The filtration fraction was, however, either un-
changed or decreased in the experimental kidneys. In conse-
quence, if there was increased filtration of protein due to
diffusion, it must have resulted from an increase in glomerular
permeability.
Enhanced protein flux across the glomerular barrier could
also result from changes in the convective term in the above
equation. This could be due to a decrease in the reflection
coefficient of the membrane (o), to an increased volume flux
(J), or to an increased mean plasma protein concentration (Cs).
As discussed above, the plasma solute concentration along the
capillary in the experimental kidneys could not increase over
the control values without an increase in the filtration fraction.
In addition, the volume flux (GFR) was decreased rather than
increased in these kidneys. Therefore, if proteinuria resulted
from increased transglomerular passage of albumin by convec-
tion, it must have been due to a decrease in the reflection
coefficient for this protein.
Because the observed hemodynamic alterations in the pres-
ent experiments do not explain the proteinuria, the significantly
higher protein excretion by the polycation-treated kidneys can
be best explained by an increased permeability of the filtering
membranes to albumin. Neither generalized nor focal damage
to the layers of the glomerular capillary wall were observed by
light or electron microscopy in the present experiments. The
changes in visceral epithelial cells, namely patchy foot process
fusion, microvillus formation, and increased number of cyto-
plasmic vesicles, are thought to be the consequence rather than
the cause of proteinuria 29j. The absence of demonstrable
histologic injury to the GBM does not exclude subtle structural
changes; a more plausible mechanism for proteinuria is, howev-
er, provided by alterations in electrostatic forces.
All of the layers of the glomerular capillary wall possess fixed
negatively charged sites, collectively termed the glomerular
polyanion [30, 311. In the GBM, these comprise anionic glyco-
saminoglycans, primarily heparan sulfate [321. When visualized
by cationic stains, they are concentrated in the lamina rara
interna and externa in a regular lattice-like pattern [311, al-
though staining of the interna may be an artifact, secondary to
cessation of blood flow before fixation [9, 10]. On the endotheli-
al and epithelial cells, including the foot processes, and on the
'St
'1
b
I-ti
•
:9.
—
I
-I.
4
134 Vehaskari et al
slit diaphragms, the negative sites appear to be composed of
sialic acid residues and are situated on the outer aspect of the
cell membrane [33, 341. According to the widely held theory,
based on the clearances of test substances [6, 35] and on
ultrastructural tracer studies [361, the glomerular polyanion
forms an electrostatic barrier to charged macromolecules and
selectively decreases the sieving of negatively charged
molecules.
A corollary of this theory is that loss of the glomerular
polyanion should lead to increased filtration of negatively
charged macromolecules, of which albumin is the most abun-
dant in the plasma. Indeed, histologic staining for polyanion has
been found to be decreased in human [7] and experimental [8,
37, 381 proteinuric renal disease. Alcorn and Ryan [10] have,
however, provided new evidence that the decreased staining
seen by light microscopy may be an artifact caused by the
reduction in epithelial cell surface area. They found that the
affinity of the cell surface and the basement membrane for
cationic dyes was normal in ANNS and nephrotoxic serum
nephritis when studied by electron microscopy. They also
speculated that the differences in the clearances of neutral
molecules and their anionic derivatives seen in healthy animals
result from changes in molecular configuration rather than from
changes in electric charge, thus disputing the concept of an
electrostatic barrier in the glomerulus. Furthermore, in many
human and experimental glomerular diseases, in addition to
obvious morphologic damage to the GBM, there are increases
in permselectivity to neutral macromolecules [5, 39], making it
difficult to attribute the proteinuria in these diseases solely to
loss of glomerular polyanion.
Thus, published studies present suggestive, but still conflict-
ing, evidence for a role of glomerular polyanion in preventing
proteinuria or, more specifically, albuminuria. In the present
study, polycation infusion was followed by a selective increase
in albumin excretion, without any identifiable alteration in
glomerular architecture. The rapidity of the onset of albumin-
uria, within 10 mm in the ureteral urine, is in accordance with
the proposed mechanism of neutralization of electrical charge.
With intact circulation in the kidneys, the polycation presum-
ably is gradually washed off the binding sites. This would
explain the return of the protein excretion toward control levels
with time and the responsiveness of the kidney to repeated
polycation treatment. The findings with the cationic stains also
suggest that partial neutralization was achieved. The decreased
intensity of the staining by alcian blue and collodial iron on light
microscopy hardly can be explained by a decreased surface
area of the epithelial cells because only very minimal foot
process fusion was present. Thus, our study provides strong
support for a functional role of glomerular polyanion. The
ultrastructural studies with ruthenium red staining suggest that
the lamina rarae may be the site of increased permeability to
albumin in the polycation-treated kidneys.
These studies do not address the issue of whether charge is
directly responsible for the prevention of albuminuria or its
importance is in maintaining the normal structure of the base-
ment membrane. This latter possibility was suggested by Hun-
sicker, Shearer, and Shaffer [13] who found an increase in both
urinary albumin and IgG excretion following polycation infu-
sion and therefore postulated that alterations in both size and
charge-dependent permselectivities occurred. In our studies the
increased proteinuria could be accounted for entirely by the
increased excretion of albumin. We did not, however, system-
atically determine the excretion rates of each of the numerous
other proteins present in small quantities in the urine. There-
fore, a significant increase in the excretion of a protein such as
IgG cannot be excluded. If this did occur the increment was
insignificant in amount when compared to that of albumin (Fig.
6). Even an increased urinary excretion of IgG would not
necessarily imply increased glomerular permeability to this
protein. Tubular reabsorption of protein is thought to be
nonselective [40]. Thus an increased filtered load of albumin
resulting from loss of glomerular charge could overwhelm
tubular reabsorptive capacity and increase the urinary clear-
ance of other proteins such as IgG which normally are excreted
in small quantities.
In summary, our results demonstrate that the in vivo neutral-
ization of glomerular polyanion results in almost immediate
albuminuria. The loss of the glomerular polyanion, whether
through neutralization, decreased synthesis, or increased
breakdown, offers an attractive explanation for the proteinuria
observed in a disease such as MCNS. In this entity, there is no
morphologic explanation for the massive proteinuria which
consists almost exclusively of albumin. Proteinuria could be
mediated by a similar mechanism in other proteinuric patients
who have normal renal histology. Furthermore, loss of glomer-
ular charge sites may contribute to the proteinuria in glomerular
diseases in which anatomic damage is present as well.
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